[1] The sand bed portion of the Fly River system in Papua New Guinea was influenced significantly by postglacial sea level rise, but this response differed along the three main low-gradient branches of the system: the main stem lower Fly River and its two tributary reaches, the middle Fly River and the Strickland River. A numerical model for valley development over $1000 to $10,000 year timescales is presented that can account for the coupled morphodynamic evolution of the main stem and its two tributaries. It is shown that the underlying theory includes both advective and diffusive terms for morphodynamic evolution, in contrast to other purely diffusive models for valley development. The advective terms arise due to the inclusion of backwater in the theory. The model is applied to the Fly River system over the 20,000 years since glacial low stand of sea level. Results imply that the relatively low sediment supply to the middle Fly River compared with that to the Strickland probably prevented the middle Fly from keeping pace with aggradation along the downstream lower Fly River. The middle Fly may still be responding to this forcing. It appears unlikely that the middle Fly River was incised more than $10 m prior to the onset of base level rise. This implies that the low-stand lower Fly River passed through a zone characterized by channel slopes much steeper than the present slope somewhere between the junction with the Strickland River and the lowstand delta.
Introduction
[2] Global sea level rose dramatically at the end of the Pleistocene glaciation. While the change in relative sea level varied locally as a function of such factors as regional tectonic movement and isostatic adjustment [Lambeck and Chappell, 2001] , the eustatic rise represents a worldwide first-order forcing on low-gradient rivers flowing to the sea.
[3] There is surprisingly little agreement regarding the upstream extent of the influence of Holocene sea level rise on low-gradient rivers [Blum and Törnqvist, 2000] . Part of the problem in interpreting the evolution of low-gradient systems in the mid latitudes lies in (1) the influence of spatially variable rebound rates leading to less relative sea level rise than in the tropics (which were free of direct glacial loading), and (2) the confounding influence of climate change and glacial meltwater pulses which, when integrated across a continental-scale watershed, could have been more important than the change in downstream water level [Blum and Törnqvist, 2000] .
[4] The Fly River system in Papua New Guinea represents a unique opportunity to study the effects of sea level on a low-gradient river. The Fly River is one of the largest rivers draining the island of New Guinea. It contains a relatively long low-gradient sand bed section that extends nearly 600 km up channel from the modern delta. Because of its tropical location far from the glacial ice sheets, the system felt nearly the entire postglacial eustatic sea level rise. The climate during the Last Glacial Maximum (LGM) graded from somewhat wetter than at present in eastern New Guinea to somewhat drier than at present in the western portion of the island [Farrera et al., 1999; Hostetler and Clark, 2000] . The mountainous highlands which account for approximately 30% of the modern drainage area and provide much of the water and most of the sediment to the lowland system are located along this climatic gradient. Any Holocene changes to the water and sediment supply to the lowland Fly River system were thus probably far less significant than on other large lowland rivers elsewhere in the world.
[5] In addition to the relatively well constrained climatic and sea level forcing, the Fly River system contains evidence of recent large-scale adjustment in the valley profile. Perhaps the most striking features are the numerous highly dissected tributary valleys that are currently blocked by one of the main branches of the system and contain ponded water, indicating that recent aggradation along the main channels has occurred at a rate too high for sediment delivery from the tributaries to keep up [Blake and Ollier, 1971; Pickup and Warner, 1984; Dietrich et al., 1999] . There is clear evidence that the Fly extended across a relatively wide shelf to a low-stand delta that was significantly offshore of the present delta [Harris, 1994; Harris et al., 1996] . The development of the modern delta must have occurred since the glacial low stand.
[6] Because of its tropical location, the relatively small and climatically homogeneous nature of the source areas of the watershed, and the presence of the blocked valley lakes, the Fly River presents an enticing opportunity for testing numerical models for predicting river valley evolution on the $20,000 year timescale of the most recent glacialinterglacial transition. The system is particularly intriguing because of the presence of two distinctly different sand bed branches, the larger, steeper Strickland River and the smaller, lower gradient middle Fly River above the confluence with the Strickland (Figure 1 ). The two branches differ in terms of both slope and longitudinal profile curvature, even though the reach below the confluence (termed the lower Fly River in this paper) represents a common downstream control. The low elevation of the confluence with respect to modern sea level implies that both tributary branches probably responded to sea level changes during the Holocene. In this paper, we extend and modify the work of Parker et al. [2007b] , which modeled the evolution of the Fly System along a single two-dimensional (2-D) reach, to the case of a simple river network consisting of the above three branches.
[7] The low-gradient section of the middle Fly immediately upstream of the confluence with the Strickland represents an particularly important test of the theory. Its very low bankfull slope has been thought by most authors to be the result of a backwater caused by the Strickland [Blake and Ollier, 1971; Pickup and Warner, 1984; Dietrich et al., 1999] . The evolution of this feature is only partially explained by field data. The model presented here suggests that aggradation along the main stem lower Fly, driven by sea level rise and enabled by a relatively high sediment load from the Strickland, is a plausible explanation for the development of the backwater and the formation of the low-gradient reach. While the details of the system's Holocene evolution depend on assumptions regarding the configuration at glacial low-stand, model results imply that relative differences in water and sediment supply between the two tributary branches have probably had long-lasting consequences, with the evolution of the middle Fly being driven in large part by the response of the Strickland/lower Fly reaches to sea level rise.
Study Site
[8] The present study focuses on the main stem of the Fly River system (the lower Fly River) and its two largest lowland tributaries, the Strickland and middle Fly rivers. The watershed area for the middle Fly is approximately 18,400 km 2 at the junction with the Strickland, while the watershed area for the Strickland is approximately 36,740 km 2 at this point. At its mouth, the Fly drains approximately 75,000 km 2 [Dietrich et al., 1999] . [9] The reach of the Strickland River considered by the present work extends upstream from Everill Junction (where the Strickland and middle Fly rivers meet) to the gravelsand transition. The reach of the middle Fly River extends upstream from Everill Junction to the approximate position of the gravel-sand transition which actually occurs upstream of D'Albertis Junction on the Ok Tedi and upper Fly rivers ( Figure 1 ). (While we do not know the precise location of the gravel-sand transition on the upper Fly River, it has been located in Figure 1 based on a distinct widening in the floodplain visible on satellite imagery). The sand bed portions of the Ok Tedi and upper Fly rivers above D'Albertis Junction are short with respect to the length of the middle Fly River. Consequently, for the purposes of the present work, the sand bed Ok Tedi and upper Fly are amalgamated into a single subreach, which is then included as the upstream portion of the middle Fly River reach.
[10] The modern climate within the watershed varies from a seasonally dry tropical zone near the Fly delta with rainfall totals of around 1.9 m a À1 [Paijmans et al., 1971 ] to a continuously wet climate in the highlands with rainfall sometimes in excess of 10 m a À1 [Dietrich et al., 1999] . Much of the watershed is presently forested, although tropical savannah exists on the low-relief uplifted Oriomo plateau in the southernmost part of the basin. The floodplain itself, particularly near the confluence of the Fly and Strickland rivers, can be quite swampy and is dominated by grasses. Further upstream but still within the sand bed portions of the system, (above coordinates À200 and Figure 2 , for the middle Fly and Strickland, respectively), the floodplain becomes primarily forested.
À50,
[11] Tidal influence is strong on the lower Fly River and on the Fly River delta. Tidal range at the mouth of the delta is about 3.5 m with a maximum range at the apex of about 5 m [Harris et al., 2004] . For about 100 km upstream from the delta apex (near Lewada, Figure 1 ), the estuary extends across the entire width of the valley bottom and does not contain a well-defined fluvial channel. Tidal influence is still strong where the fluvial channel becomes defined (point EFR in Figure 1 , denoting the downstream end of the fluvial reach) [Blake and Ollier, 1971] . During low-flow periods, tidal effects can be felt at Manda, midway up the middle Fly [Dietrich et al., 1999] .
[12] Blocked valley lakes are present on the floodplains adjacent to both the middle Fly and the Strickland rivers. Lake Murray, north of the Strickland River (Figure 1 ), is the largest blocked valley lake in the system, with a planform area of approximately 750 km 2 when full. It is relatively shallow and has a maximum observed depth near the centerline of the blocked valley of about 10 m [Blake and Ollier, 1971] .
[13] Most of the tributaries to the middle Fly and to the sand bed portion of the Strickland are small and enter through blocked valleys. Consequently, they are not likely to contribute much sediment to the load of the two larger rivers. While the watershed area contributing directly to the lower Fly River is about the size of the total watershed of the middle Fly at Everill Junction, the somewhat drier climate in the lowlands and particularly in the southern lowlands probably means that flood discharge does not increase dramatically along the lower Fly (given the low gradient and large floodplain, downstream attenuation of individual floods can be significant). Sediment supply to the lower Fly is due almost entirely to the contribution from the Strickland and middle Fly.
[14] The recently deposited areas within the middle Fly, lower Fly, and Strickland valleys are easily identified on satellite imagery by tracing the proximal edge of the blocked valley lakes or any dissected upland topography (Figure 2 ). The floodplain identified in this way represents an envelope outside of which the main alluvial channel has presumably not migrated since the period of upland dissection. We assume that this zone represents a (conservative) boundary for the region of active deposition. Since this zone is only a few kilometers wider than the meander belts of the present channels, large-scale meander belt avulsions influencing floodplain formation for large distances downstream have probably not occurred on this system since low stand. Note that the back swamp region described by Dietrich et Figure 2 . Valley coordinate system used in model runs. Solid black lines define the distal boundary of the scroll bar complex and the proximal boundary of blocked valley lakes and/or dissected topography. It is unlikely that the channel migrated outside of the solid black lines after the period of upland dissection ended. The offshore valley course is speculatively drawn to approximately coincide with the filled incised valley [Harris, 1994] . Isobaths are interpolated from bathymetric grid of Daniell [2008] .
al. [1999, Figure 14 .4] includes many blocked valley lakes that clearly have not been occupied by the channel since the tributary valleys were blocked. In general, the envelope shown in Figure 2 is somewhat wider than the floodplain scroll complex given by Dietrich et al. [1999] but is significantly narrower than the total of the floodplain scroll complex and back swamp given in the same report.
[15] There is evidence of some glaciation on the highest peaks in the watershed [Löffler, 1972; Hope and Peterson, 1975] . Löffler [1972] concludes that the snow line during the late Pleistocene was parallel to the present-day snow line in other parts of the island, implying that the climate in the highlands was fairly uniform and roughly similar to the modern one with the exception that it was a few degrees colder. Because the glaciated areas were restricted to the highest peaks in the watershed, glacial melting probably did not significantly affect river discharge.
[ [Dietrich et al., 1999] . The swamp grass portion of the middle Fly just upstream from Everill Junction is particularly prone to flooding (often due to rain directly on the floodplain), with floodplain inundation sometimes lasting for years [Dietrich et al., 1999] .
[17] The Strickland has a larger sediment load and steeper longitudinal profile than does the middle Fly. While slope remains relatively constant along the entire sand bed portion of the Strickland, detailed surveys of floodplain elevation show a marked tendency for slope to decrease in the downstream direction along the middle Fly (Figure 3 ).
For the uppermost 150 channel kilometers below D'Albertis Junction, the bankfull slope of the middle Fly is approximately 5 Â 10
À5
. This drops to only about 2 Â 10 À5 for the 150 channel kilometers between Manda and Everill junctions.
[18] Because of its location adjacent to an actively uplifting orogenic belt, tectonic movement probably has been a factor in the evolution of the basin. Blake and Ollier [1969] speculate that tectonic forcing may have led to rearrangement of the lower Fly drainage sometime prior to LGM. However, the nature of any recent tectonic movement (since LGM) has not yet been adequately described [Dietrich et al., 1999] .
Model Description
[19] The numerical model presented below is based on conservation of mass for bed material within each of three connected alluvial river valley reaches. It assumes that the channel within each reach adjusts its bankfull geometry in a predictable way such that with knowledge of water and bed material sediment supply at the upstream end of each reach and with the specification of a downstream boundary condition for bankfull water surface elevation, channel bed and floodplain profiles (the floodplain is taken to be equivalent to the bankfull water level) can be described dynamically along each reach. Because backwater appears to have played an important role in the evolution of the middle Fly [Blake and Ollier, 1971; Pickup and Warner, 1984; Dietrich et al., 1999] , the theory specifically accounts for gradually varied flow, following the model developed for a single reach by Parker et al. [2007b] . Because the model includes multiple connected reaches, the continuously deforming coordinate system used by Parker et al. [2007b] is cumbersome to implement and has been modified such that moving boundaries (at both the upstream and downstream ends of the system) can be traced through a fixed grid system wherein the junction remains at a specified location. The model requires a crude description of the average composition of the valley fill deposit. Each of these components as well as justification for boundary conditions and initial channel profiles (i.e., those at glacial low stand) are described in greater detail below.
Morphodynamic Theory
[20] In the present model, the morphodynamic evolution of each valley reach is described based on the formulation of Parker et al. [2007b] . The full hydrograph of a river is abstracted to a single bankfull discharge Q bf which is assumed to occur for fraction I f of time, where I f denotes the flood intermittency. The volume transport rate of bed material (sand of a single grain size in the present analysis) at bankfull discharge is denoted as Q sbf ; I f and Q sbf are chosen so that their product equals the mean annual transport rate of bed material. Over the long term the river migrates and avulses across its valley width B v , filling the channelfloodplain complex with both sand and mud (here mud includes the silt and clay fractions of the deposit). The bulk porosity of the deposit is denoted as l p , and the bulk fraction of sand in the deposit is denoted as F s . The river is assumed to have sinuosity W that defines the average relationship between a down channel coordinate x and a down valley coordinate x v for a given reach. Following G. Parker (1D sediment transport morphodynamics with applications to rivers and turbidity currents, 2004, available at http://www. cee.uiuc.edu/people/parkerg/morphodynamics_e-book. htm), Wright and Parker [2005] , and Parker et al. [2007b] , the Exner equation of sand conservation for the channelfloodplain complex along a given valley reach becomes
Note that while equation (1) can easily be modified to include relative subsidence or uplift, this is not included in the present model due to the lack of data necessary to constrain such rates.
[21] Depending on the way that channel hydraulics are handled, equation (1) can be cast into either a simple diffusion equation or an equation that has both advective and diffusive terms. As shown by Paola et al. [1992] and Paola [2000] and summarized in Appendix A, the diffusive form [e.g., Flemings and Jordan, 1989; Paola et al., 1992; Swenson et al., 2000 Swenson et al., , 2005 results from making four central assumptions: (1) a constant coefficient of flow resistance C f (Chezy formulation), (2) a generalized relation for sediment transport in which the transport rate is a function of bed shear stress, (3) a constant channel-forming Shields number at a specified bankfull flow t bf * (used for width closure), and (4) the normal (quasi-steady, quasiuniform) flow approximation to describe the channel hydraulics (and thus also the bed shear). The resulting diffusion equation given the assumptions implicit in equation (1) is
with a diffusivity k of
In equation (2), R is the submerged specific gravity of sediment (R = r s /r À 1) and q bf * is a dimensionless sediment transport rate per unit width, the form of which is specified by an appropriate sediment transport relationship. The relationship of Engelund and Hansen [1967] is used by Parker et al. [2007b] and is also adopted here (see Appendix A). Note that if I f , W, l p , B v , F s and Q bf are specified constants within a given reach then the diffusivity k is also constant within that reach. Also note that the assumptions made to derive equation (2) result in the following algebraic relationships between bankfull slope S, width B bf , and depth H bf :
Parker et al.
[2007b] relax assumption 4 above by incorporating an equation for gradually varied flow into the model. In order to allow comparability between the diffusive formulation of Paola et al. [1992] (e.g., equation (2)) and the formulation of Parker et al. [2007b] used in the present work, it is useful to transform equation (2a) using the definition
and the appropriate form for dimensionless bed shear stress t* assuming steady uniform flow (Appendix A, equation (A7)). The resulting equation for F, i.e., the inverse of the bankfull depth is still of linear diffusive form
[22] Large, low-slope sand bed streams such as the Fly River are typically subject to backwater effects (e.g., G. Parker, 1D sediment transport morphodynamics with applications to rivers and turbidity currents, 2004, available at http://www.cee.uiuc.edu/people/parkerg/morphodynamics_ e-book.htm). Such effects may be particularly important along the middle Fly [Blake and Ollier, 1971; Pickup and Warner, 1984; Dietrich et al., 1999] . In the presence of backwater, the normal flow formulation gives way to the quasi-steady shallow water formulation for momentum balance (Appendix A, equation (A14)), here applied to bankfull flow in a wide channel of bankfull width B bf, , bankfull flow velocity U bf , average bankfull depth H bf,, and bankfull bed shear t bf . The assumptions of constant friction coefficient C f , constant bankfull discharge Q bf , and constant channel-forming Shields number t bf * (assumptions 1, 2, and 3 above) are retained. The backwater formulation for bankfull flow then reduces to
where S is the channel bed slope, S fric is the friction slope and Fr denotes the Froude number evaluated at bankfull flow as follows:
Whereas in the model of Paola et al. [1992] , depth H bf can be evaluated algebraically from a knowledge of bed slope S, in the work by Parker et al. [2007b] , and in the present model, H bf is obtained by solving equation (6) upstream from a point x v = s (''shoreline'') where water surface elevation x (base level) is specified. Water surface elevation x is given as
[23] The boundary condition on equation (6) is thus
In the present analysis both x and s are allowed to vary in time (base level can change and shoreline can regress or transgress).
[24] Equation (3b) of the analysis based on normal flow is thus replaced with the backwater form of equation (6). Equation (3a) of the analysis based on normal flow is replaced with the generalization
Since all terms but H bf are assumed constant within a given reach, equation (9) illustrates that bankfull depth and sediment transport rate are inversely proportional in the present formulation.
[25] The formulation used here is an advective-diffusive formulation rather than a purely diffusive formulation. Illustrating this in terms of an equation analogous to equation (2) is cumbersome. The analog to equation (5), however, is readily obtained. For the purpose of illustration, this is done in this section alone under the assumption that Fr 2 ( 1, which with the aid of equation (7a) allows equation (6) to be approximated to
Between equations (1), (4), (9), and (10) and the further assumption of constant bankfull discharge Q bf within the reach of interest, the morphodynamic problem can be reduced to the form
where the diffusivity k is given by equation (2b), i.e., the same relation as that of the formulation of Paola et al. [1992] , and c denotes a wave speed, given as
Equation (11) is an advective-diffusive equation. The reader should note that it is not the standard advective-diffusive equation, which takes the form
[26] Various relations equivalent to equation (11) frequently arise, however, in the context of morphodynamic problems which include the effect of gradually varied flow (backwater). It is here termed the Gill equation in honor of Gill [1988] , who derived a linearized version of it and first commented on its significance. It is seen from equation (12) that wave speed c depends nonlinearly on flow depth H bf . The limiting case of c ! 1 results in the purely diffusive formulation of equation (2).
[27] Parker et al. [2007b] use the above advectivediffusive formulation to model the evolution of a single channel reach representing the Strickland/lower Fly River. In the present work, the above formulation is implemented for three reaches connected at Everill Junction, i.e., the lower Fly, the Strickland and the middle Fly. Bankfull flow discharge Q bf is assumed to be constant within each reach, but varying between reaches. The Froude number Fr in equation (6), while dropped here for the purposes of deriving equation (13), is not neglected in the analysis below, which uses equations (1), (6), and (9).
Reach Boundaries and Coordinate System
[28] The three-reach fluvial system of the Fly River considered here has three potentially moveable boundaries and one fixed boundary. The upstream ends of the Strickland and middle Fly reaches are located at the approximate position of gravel-sand transitions and represent two of the moveable boundaries. They are treated as bedrock-sand transitions for simplicity. Aggradation in the alluvial reach downstream of a transition, for example, can cause the sand to onlap onto the gravel (bedrock), so driving upstream migration of the transition. The middle Fly and Strickland join the lower Fly at Everill Junction whose position is always fixed. In several of the simulations given here the downstream end of the lower Fly is assumed to end in a delta, which in these cases represents the third moveable boundary. The delta can prograde (regress) or retreat (transgress) according to the imposed conditions of base level fluctuation and sediment supply.
[29] Moving boundaries can be traced by (1) transforming the problem into a moving coordinate system in which all coordinates are rescaled using the positions of the boundaries [e.g., Swenson et al., 2000; Parker et al., 2007a Parker et al., , 2007b or (2) tracing the movement of the boundaries through a fixed coordinate system [Crank, 1984] . Approach b is adopted here because it simplifies the specification of fixed features such as the confluence at Everill Junction and locations where valley width changes in the streamwise direction. The three kinds of boundaries are described in more detail below.
[30] In all cases, the numerical solution for equation (1) requires knowledge of a spatial step, which is generally defined by the fixed grid spacing but can vary for the moving boundary nodes and the nodes immediately adjacent to them. Since the finite difference approximation becomes unstable when a moving boundary node is too close to a fixed node, fixed nodes are disabled whenever a moving boundary node comes within a threshold distance dx min of a fixed node. Fixed nodes are then reenabled at an interpolated elevation after the node has moved sufficiently beyond the fixed node in question.
Junction
[31] The transition between the middle Fly, Strickland, and lower Fly branches of the model is defined such that downstreammost node on the two upstream reaches is at the same location as the upstreammost node on the downstream (lower Fly) reach. The water surface profile along the lower Fly is obtained by solving equation (6) upstream from the imposed the boundary condition equation (8b) at the reach's downstream end. Sea level rise is specified in terms of the function used for x(t). The water surface at Everill Junction is taken to be the same for all three reaches, so that the elevation obtained for the lower Fly at the confluence serves as the boundary condition for solving equation (6) upstream on both tributaries.
[32] The supply of sand is prescribed at the upstream end of the two tributary reaches. The supply of sand to the lower Fly is set equal to the sum of the sand transport rates of both tributaries at the junction. Bankfull discharge is taken to be constant on each reach. The sum of the bankfull discharges in the two tributary reaches is not quite equal to the bankfull discharge in the lower reach in the present model because the values are intended to be characteristic of each reach rather than the values at the junction. While it would be straightforward to enforce strict conservation of discharge across the junction rather than using a discharge characteristic for each reach, this was not incorporated into the model because strict conservation of discharge would also require a lateral source term along each reach, an unnecessary model complication given the relatively large uncertainty in other model parameters.
[33] The elevations of the three nodes at the junction evolve over time according to equation (1) where the derivative @Q sbf /@x for the node in question is approximated using first-order finite differences that are upwinded for the tributary reaches and downwinded for the lower Fly. This description allows the bed elevation of the junction node for each reach to evolve independently of the bed elevation of the other two junction nodes. This results in a discontinuity in bed elevation across the junction even though the bankfull water surface elevation (and thus the top of bank) is continuous. Such bed discontinuities at junctions have been observed in many field settings [Kennedy, 1984; Biron et al., 1993] . The discontinuity (or rather short reach over which bed elevation changes fairly rapidly) is to be expected under conditions where a very small, shallow stream enters a large, deep alluvial river. At some short distance upstream from the confluence, the bed of the smaller channel must be much higher than the bed of the larger one. Figure 4 (adapted from Kennedy [1984] ) illustrates a typical configuration. The numerical model presented here is consistent with this conceptual model and with observation that near the confluence, the Strickland is actually somewhat shallower than the middle Fly (a configuration probably caused by the higher load and steeper slope on the Strickland).
Delta
[34] In some of the calculations presented below the lower Fly ends in a delta node. A delta node is allowed to prograde seaward as a function of the sediment supplied to it. Where Q sbfd denotes the sand discharge at the topsetforeset break, the cross sectional area dA delta of foreset filled by progradation in time dt, as shown in Figure 5 , is computed as follows: . Movement of delta node geometrically that ensures that sediment deposition in area dA delta times valley width B v is equal to the volumetric sediment transport rate supplied to the node. This allows the delta to prograde across an arbitrarily shaped bottomset. The bottomset slope below the initial low-stand delta S shelf is set to a constant value.
The foreset of the delta has specified slope S fore . The new position of the topset -foreset break at time t + dt is solved iteratively by intersecting a line of constant slope S fore with an arbitrary basement topography. Mud (silt + clay) deposition downstream of the delta is not accounted for in the present analysis, although the delta deposit itself is assumed to contain the same fraction mud (1 À F s ) as the rest of the valley fill deposit.
[35] During periods of rapid base level rise it is possible for a river delta to drown, only to reform upstream at a later time when the rate of base level rise declines [Parker et al., 2007a] . The model accounts for this using the ratio of bed slope to friction slope at each node upstream of the delta. When this variable falls below a threshold value, we assume that sediment transport downstream of this node is zero and that the delta has been abandoned. We reset the water surface elevation to sea level at this node and all downstream nodes. As sea level stabilizes, a protodelta begins to form where the water surface has been set to sea level. We allow a new delta node to form at this break in slope after a specified lag time t lag . The new delta node then is allowed to prograde geometrically according to equation (14) and Figure 5 .
[36] The delta formation procedure is complicated by the fact that during the formation of the protodelta, the upwinded finite difference approximation employed at the downstream node results in the loss of some sediment from the fluvial system without a commensurate change in bed elevation at this node. The associated mass conservation problem can be minimized by only allowing a new delta to form under rare conditions (i.e., minimizing the amount of time that the model does not have a moving downstream node). In the case of the present model, we allow a new delta node to form only after sea level has stabilized at the modern level, and downstream of coordinate 70 km (Figure 2 ). This also serves to prevent the formation of numerous very small abandoned deltas during the constant sea level rise specified in the present model (see below). The assumption can be relaxed in the case of a variable sea level rise rate, as shown by Lauer and Parker [2005] .
[37] The moving boundary delta node represents the boundary between the fluvial portion of the channel, where we assume that equations (1), (6) and (9) apply, and a zone where other processes (i.e., wave and tidal action) dominate. In reality, the boundary between these two zones is not a sharp one. However, since the primary purpose of this study is to model the evolution of the system near the confluence of the Fly and Strickland rivers, we assume that a sharp boundary at the delta is sufficient to specify the appropriate forcing at the junction. Given better physical understanding of the processes moving sediment (particularly silt and clay) through the delta, it would be relatively straightforward to define a new region downstream of the present delta that itself evolves morphodynamically. This has been done by Parker [2003a, 2003b] and by Swenson et al. [2005] for a bottomset or prodelta advancing in front of a Gilbert-type delta.
Gravel-Sand Transitions
[38] The upstream boundaries of the sand bed reach move in a relatively simple geometrical way as sediment laps onto or is removed from a morphologically fixed surface. In other words, we assume that the sloping gravel reaches upstream of the sand bed portions of the middle Fly and Strickland rivers evolve so much more slowly than do the sand bed portions of these rivers that they can be treated as if they were bedrock, rendering the boundary a bedrock-alluvial transition. It would be simple to allow the gravel reach to coevolve morphodynamically with the sand bed reach immediately downstream [e.g., Marr et al., 2000; G. Parker, 1D sediment transport morphodynamics with applications to rivers and turbidity currents, 2004, available at http://www. cee.uiuc.edu/people/parkerg/morphodynamics_e-book. htm], but this would require the specification of a significant number of additional poorly constrained parameters.
[39] The movement of the bedrock-alluvial transition is handled in a two-step process for each of the two upstream nodes (middle Fly and Strickland). First, an intermediate vertical elevation is computed from equation (1) assuming no horizontal translation. Then the final horizontal and vertical positions for the boundary node are computed by finding the intersection of the sloping gravel (bedrock) platform with a line defined by the intermediate point and the most recent fluvial slope for node. The process is illustrated in Figure 6 and is similar in principle to the movement of such a boundary described by Parker and Muto [2003] and Muto and Swenson [2005] .
Fraction Sand in Valley Deposit
[40] The morphodynamic theory presented in section 3.1 is based on the conservation of bed material (sand in the present case). In the theory, mud plays the important but indirect role of filling the floodplain away from the channel to the bankfull level, thereby ensuring that floodplain and bankfull elevations are equivalent. The theory assumes that the supply of mud is sufficient for this purpose and that much of the mud so deposited can be reworked prior to being transferred to the valley fill deposit. Prediction of the bed aggradation rate using equation (1), however, requires specification of the reach-averaged fraction sand F s in the valley fill. The following provides a theoretical justification for the selection of the parameter F s not provided by Parker et al. [2007b] , wherein F s was arbitrarily specified from stratigraphic data on other systems. [41] The product of the active width of deposition B v and the fraction sand F s in equation (1) represents the equivalent width of a valley fill deposit composed entirely of sand. Both are important parameters since the aggradation rate dh/dt is inversely proportional to their product. Where the channel is aggrading slowly and reoccupies all of its meander belt in a time period that is short relative to H bf /(dh/dt), the product of B v and F s is probably nearly equivalent to the width of the meander belt. However, during periods of rapid aggradation, it is possible that a portion of the meander belt area will not be occupied by the channel during the time required to aggrade one channel depth and will thus presumably not contain significant volumes of point bar material (here assumed equivalent to bed material, i.e., sand).
[42] Given the probability density f(t) that any point in the valley is converted from channel to floodplain in a given time span t, it is possible to crudely estimate F s as a function of the aggradation rate and channel depth. We assume for simplicity that the entire width of the portion of the valleys that have been occupied by the channel since low stand (i.e., the area outlined in Figure 2 ) represents the active valley width B v . In all cases but along the reaches of the lower Fly below point EFR (Figure 1 ) where a meander belt does not presently exist, the meander belt occupies a relatively large fraction of B v . Consequently, even though there are portions of the floodplain that have not been recently occupied by the channel (e.g., the back swamps identified by Blake and Ollier [1971] ), we assume that the alluvial portion of each valley (excluding blocked valley lakes not recently occupied by the channel) can be considered to have the properties of a single meander belt, or more specifically, that a single distribution for time since channel occupation f(t) describes each respective alluvial valley. Note that this assumption would not apply in other systems where the meander belt is significantly narrower than the zone over which valley fill is being modeled. In these cases, a more complicated model for alluvial architecture [e.g., Leeder, 1978; Mackey and Bridge, 1995] may be required for the specification of F s .
[43] We assume for simplicity that f(t) follows an exponential distribution of the form
where k is an e-folding decay time. Making the assumption that the meander belt width over which f(t) applies does not change over time, the mean waiting time t between the deposition of laterally accreted sediment at a point and the subsequent reoccupation of the same point by the channel is specified by the exchange rate of sediment between channel and floodplain per unit channel length. We assume that this exchange rate is given in terms of the reach-averaged channel migration rate m times the channel sinuosity W. Given the exponential form for f(t) in equation (15), then, the average age t is defined as follows:
In (16), B f denotes floodplain width, which can be accurately approximated as valley width B v for the case B bf /B v ( 1, a constraint that applies to most of the Fly River system considered here. Equation (16a) allows k to be specified by simply measuring reach-averaged migration rates, which are available for both the Fly and Strickland rivers. We assume that the rate of about 5 m a À1 found by Aalto et al. [2008] for the Strickland applies everywhere, since the lower rates published by Dietrich et al. [1999] for the lower middle Fly may not be representative of that system over most of the postglacial sea level transgression.
[44] With k known, f(t) and the corresponding cumulative probability distribution function F(t) is also fully specified:
Let t bar denote the time for the channel to aggrade one bankfull depth (so that t bar % H bf /dh/dt). Then F(t bar ) represents the fraction of the valley at bed level that is converted from channel to floodplain (and presumably to point bar material) during time t bar . We assume that point bar material is similar to bed material, i.e., sand, and that the overbank deposit is mud, i.e., silt and clay, so that F s can be approximated as F(t bar ). While F s is thus a function of the valley-wide aggradation rate, it is not possible using the present model to allow F s to vary throughout the model run. Instead, it is specified based on parameters that are assumed representative throughout the run. A more complicated mass conservation model for transferring sediment between channel and floodplain would be required in order to allow F s to vary through time [e.g., Lauer and Parker, 2004] .
[45] The focus of the present analysis is the effect of postglacial sea level rise on the evolution of the middle Fly and Strickland rivers upstream of Everill Junction. A characteristic sea level rise of $1 cm a À1 is assumed for this purpose, as described below. Assuming a point bar height of $10 m and a value of dh/dt of $1 cm a À1 , equation (16) and (17) combined with a typical floodplain width of 10 km, a sinuosity of 2.3, and an average migration rate m of 5 m a À1 yield an estimate of F s of 0.68, so that 68 percent of the deposit in the channel-floodplain complex is sand. Note that the parameters described above may not be representative for portions of the lower middle Fly, which over the last $5000 years may have experienced migration and bed aggradation rates lower than elsewhere in the system. However, equation (17) implies that the net effect on F s may be minimal since both t bar and k would both be larger than along more active reaches and since F s depends on the ratio of these two parameters.
3.4. Input Parameters 3.4.1. Sea Level
[46] The model requires the specification of a downstream boundary condition for water level at the delta and upstream boundary conditions for sediment supply for each tributary reach. The downstream boundary condition is taken from a rough interpretation of the sea level curve of Yokoyama et al. [2007] , which represents relative sea level in the Great Barrier Reef, Australia, southeast of the Fly delta, corrected for isostasy (Figure 7 ). The curve shows sea level to have risen approximately 120 m over about 13 ka starting about 20 ka before present. The curve shows about the same amount of rise as used by Parker et al. [2007b] , although the rate of rise is slightly lower. It is somewhat smoother than the curve of Liu [2001] used by Lauer and Parker [2005] in a previous analysis of the evolution of the Fly/Strickland system. Because the purpose of the present work is to study the effect of sea level rise at Everill Junction rather than at the Fly delta, and because the details of delta evolution are not well described by the present model in any case, the smoother Yokoyama et al. [2007] curve, abstracted to a constant rate of rise of 9.23 mm a À1 over 13 ka, is used here.
Bankfull Discharge and Flood Intermittency
[47] Bankfull discharge and flow intermittency estimates are based on gauge data available near the upper ends of the middle Fly and Strickland reaches. The intermittency assumption technically requires that I f describe the fraction of the time that the channel would flow at a single formative discharge to move the long-term average sediment load. For simplicity, we have assumed that I f can be approximated as the fraction of the time that bankfull stage is exceeded. Pickup [1984] estimated a bankfull discharge of 3067 m 3 s
À1
that was exceeded 25% of the time for the middle Fly. Bankfull discharge estimates are not readily available for the Strickland. However, the relationship between suspended sediment concentration and discharge supplied to W. E. Dietrich by the Porgera Gold Mine, Papua New Guinea, shows a break in slope at a discharge of about 3300 m 3 s À1 . For lack of better data, we assume that this value represents bankfull discharge on the Strickland. Gauge data collected between 1999 and 2003 near the upper end of the Strickland reach show that this discharge is exceeded about 25%. In each case, these numbers are not far above the mean annual discharges presented by Dietrich et al. [1999] of 2100 and 3100 m 3 s
, respectively for the middle Fly and Strickland. Bankfull discharge on the lower Fly is taken as 7000 m 3 s À1 (upper limit for mean annual discharge from Dietrich et al. [1999] ) with flood intermittency arbitrarily set to 25% to maintain consistency with those for the middle Fly and Strickland rivers.
Sediment Supply and Channel Friction Factors
[48] The middle Fly and Strickland rivers are currently influenced by waste sediment produced by the Ok Tedi Copper Mine and Porgera Gold Mine, respectively. Both mines dump large quantities of material directly into the headwaters of their respective systems. The middle Fly River has aggraded in response to the sediment from the Ok Tedi mine [Parker et al., 1996] , while the influence of the Porgera mine on the sand bed reach of the Strickland has been minor. Since the purpose of the present modeling is to describe the long-term evolution of these systems, pre-mine values for bed material sediment supply and friction factor are required. Neither of these values is particularly well constrained, particularly over the long time periods being analyzed here. The regression relationship developed by Syvitski et al. [2003] indicates that the 2°C of cooling described by Farrera et al. [1999] for lowland New Guinea at LGM may have been associated with a sediment supply $18% higher than at present. However, given the significant uncertainty regarding the modern sediment supply and since much of the evolution of the system would have been driven by a climate more like the modern one than that at LGM, we assume for simplicity a temporally constant sediment supply.
[49] Much of the natural sediment load supplied from the highlands is derived from large landslides which can contribute tremendous amounts of sediment over short time periods [Blake and Ollier, 1971; Pickup et al., 1981; Pickup, 1984] . Pickup et al. [1981] and speculated that approximately 30% of that may be sand. All of these yield estimates were developed using at most a few years of data and are probably fairly crude.
[50] Most existing sediment transport equations have been developed and tested primarily with data from flumes rather than rivers. The direct application of such a sediment transport relation to a river without careful consideration of the setting can lead to predicted transport rates that differ by orders of magnitude from any realistic value. Consequently, when these relations are applied to morphodynamic models, errors in the sediment transport formula can result in even a well-constrained sediment supply driving an unreasonable morphodynamic response. In engineering problems, sediment transport relations are generally calibrated to observations prior to their application. It is not immediately clear how to calibrate a model that predicts valley evolution over periods of thousands of years. It is clear, however, that an appropriate long-term average sediment supply rate should drive the model. The approach taken here involves ensuring that the input parameters selected to drive the model are capable of reproducing, given a long enough time period, present-day channel properties such as width and slope near the upstream ends of the middle Fly and Strickland rivers, where the two systems are presumably best adjusted to their loads and thus closest to grade. We accomplish this by rearranging equations (3a) and (3c), and the Engelund and Hansen [1967] sediment transport formula applied at bankfull flow (equation (A5) in Appendix A) to obtain predictive relations for Q sbf and C f :
[51] The values for Q sbf and C f predicted by (19), (20) and present-day measurements or inferences for Q bf , S, B bf , D, and t bf * thus ensure that at grade, i.e., when there is no large-scale down channel variability in morphology or slope and when bankfull flow can be approximated as steady and uniform, the model reproduces the observed width and slope. In other words, since the geometries of these systems are better known than the sediment supply, friction coefficient, or the sediment transport equations, we select parameters that result in the correct geometries given the other, somewhat better constrained modeling assumptions. This procedure is akin to solving for bed sediment supply at the upstream end of a fixed-width reach using observed depth and slope and a sediment transport equation in place of noisy field-based measurements.
[52] We assume that the upper half of the modern middle Fly before mining disturbance was near grade, so we use the modern slope for the upper 150 channel kilometers of middle Fly (the first 150 km below D'Albertis Junction) as the slope for computing Q sbf and C f in equations (18) and (19) . For the Strickland, we assume that a straight line drawn between the modern gravel sand transition and Everill Junction approximates the graded slope. We measure width from aerial photography and use a single grain size of 0.2 mm based on observations in both the middle Fly and Strickland rivers.
[53] The resulting values for Q sbf are surprisingly close to previous estimates made in the modern pre-mine systems [Pickup et al., 1981; Dietrich et al., 1999] . Using R = 1.65 and assuming an intermittency factor I f of 0.25, equation (18) , for the Strickland and middle Fly, respectively, representing on the order of 10% to 30% of the total observed load in each. The implication is that the remainder consists of mud. In addition, the ratio between the two, 2.2/ 8.2, is not far from the ratio of the total upstream drainage area for each catchment originating in the highlands (2/9), given the estimate of Pickup and Warner [1984] that 22,000 km 2 of the total catchment and 49% of the Strickland catchment originate in the highlands. This result is consistent with a long-term sediment supply rate that depends primarily on uplift rate, assuming that uplift rates within source areas of each respective catchment are similar.
[54] The predictions for friction coefficient C f obtained from equation (19) are best represented in terms of the dimensionless Chezy resistance coefficient Cz, where
Note that a low value of C f implies a high value of Cz and vice versa. The estimated value of Cz for the Strickland is about 21, and the corresponding value for the middle Fly is about 12. These values fall within the range of values of Cz for sand bed rivers given by G. Parker (1D sediment transport morphodynamics with applications to rivers and turbidity currents, chapter 3, 2004, available at http:// www.cee.uiuc.edu/people/parkerg/morphodynamics_e-book.htm). The assumption of a constant channel-forming Shields number t bf * together with the appropriate forms for t and t* (as given in Appendix A) results in the following relation for bankfull flow velocity:
In so far as t bf *, R and D are here assumed to be the same for both the middle Fly and Strickland, equation (21) indicates that bankfull flow velocity on the middle Fly should be slightly over half of that on the Strickland. This result is consistent with the observations of Blake and Ollier [1971] .
[55] A friction coefficient is still required for the lower Fly. While it is again possible to compute C f using equation (19) and observations for width and slope, this procedure may be least reasonable in the lower Fly because this reach is likely to be farthest from grade. This deviation is likely driven by the presence of a prograding delta, and both backwater and tidal effects driven by the Gulf of Papua. Tidal effects have been observed as far upstream as Manda on the middle Fly River [Dietrich et al., 1999] and thus affect the entire lower Fly. With this in mind, we simply assign the value of Cz estimated for the Strickland River, i.e., 21 to the lower Fly River as well. Given the observed width of about 470 m for the lower Fly and a total bed material supply Q sbf for both the middle Fly and the Strickland of 10.4 Mt a
À1
, equation (18) Figure 1 where the bankfull level is presumably at sea level. The corresponding valley slope is approximately 3.7 Â 10 À5 .)
Initial Conditions
[56] The initial conditions for the model are perhaps even less well constrained than the sediment supply. There has been speculation that prior to 36 ka B.P., the Fly River drained southward across the presently uplifted Oriomo plateau rather than taking the current eastern route toward the modern delta in the Gulf of Papua [Blake and Ollier, 1969; Torgersen et al., 1988] . If correct, the capture of the Fly River by the modern lower Fly valley would have resulted in large-scale adjustment of the middle Fly and Strickland valleys. However, since more recent bathymetry [Harris et al., 1996; Daniell, 2008] , seismic profiling [Harris, 1994; Harris et al., 1996] and microbiological evidence [De Bruyn et al., 2004] all point toward a delta in the Gulf of Papua significantly before glacial low stand, a relatively recent diversion of the lower Fly seems unlikely and is not considered in the present analysis.
[57] Dietrich et al. [1999] conclude that the middle Fly River probably aggraded no more than approximately 10 m at Kiunga, just upstream of D'Albertis Junction, since glacial low stand. Aggradation on the Strickland River is less well constrained, but since the maximum depth of Lake Murray is only about 10 m, a 10-m total seems reasonable there as well. On the other hand, Harris et al. [1996] speculate that there may have been more than 30 m of aggradation within the alluvial valleys of both the middle Fly and Strickland rivers to account for sediment that they did not observe in the delta. While alongshore movement of sediment away from the delta could presumably be responsible for some of this missing sediment, Harris et al. [1996] raise the possibility that much of the sediment remains stored in the alluvial river valleys.
[58] There are very few available data regarding the profile of the lower Fly River at glacial low stand. Seismic profiles near Lewada show a Pleistocene surface only $10 m below the present channel bed [B. Bolton, Ok Tedi Copper Mine, personal communication, 2006] . Harris [1994] identified an incised channel system offshore of the present delta but landward of the shelf slope break (approximately valley coordinate 385 km in Figure 2 ) with a bed approximately 120 m below present sea level. Assuming the channel at valley kilometer 385 is the low-stand course of the Fly and that the bed at Lewada was only $10 m below present at low stand (i.e., about À20 m) implies that the lower Fly went through a drop of about 100 m over a valley distance of only about 150 km. This would require a valley slope nearly 20 times steeper than the modern valley slope of the lower Fly (3.7 Â 10
À5
) and is in fact nearer the valley slope of the lower gravel bed portion of the Strickland.
[59] Since the seismic data upon which the previous assumptions are based are quite limited, it is worth considering the possibility that the observations of Pleistocene sediment $10 m below the bed at Lewada do not capture the low-stand valley. If so, it is conceivable that the lowstand valley surface at Everill Junction could have been more than 10 m below its present-day elevation. If we assume 40 m of degradation at the junction (following Parker et al. [2007b] ) where the present bankfull elevation is approximately 5 m, this would imply a bankfull level of À35 m at low stand. The resulting average valley slope over the approximately 470 valley kilometers between the junction and the shelf edge (at elevation À120 m) would have been quite high, about 1.8 Â 10
À4
. An impossibly high sinuosity of about 7 would have been required for this valley to contain a channel with the modern bankfull slope of 2.6 Â 10 À5 . However, as described above, equation (18) when rearranged for slope and solved using the observed channel width of 460 m and the total sand supply of 10.4 Mt a À1 results in a significantly higher channel slope along the lower Fly, 6.3 Â 10
À5
. This higher slope could have been achieved if the reach-wide sinuosity was about 2.9. While such a sinuosity is significantly above the modern sinuosity of the sand bed portion of the Strickland (2.3 -2.4), it is not completely outside the range observed in other sand bed rivers. However, given the series of assumptions required for such a configuration and the limited space within which the channel could have meandered to achieve the required sinuosity (Figure 2 ), such a configuration seems rather implausible.
[60] The available evidence suggests that something acted to steepen the low-stand profile of the lower Fly River. This steepening could have been spread throughout the lowstand lower Fly, as considered above, or could have been localized to one or more erosion resistant zones. Field data are insufficient to determine which is correct. However, since subsequent model results tend to best support the idea of a localized steep zone, we consider this potential initial condition in more detail here.
[61] A localized steep region is hypothesized to be located approximately 50 km downstream of Everill Junction. At this location, the alluvial portion of the lower Fly valley narrows dramatically (Figure 8 ). Such narrowing is consistent with a zone of knickpoints that may have propagated upstream during low stand. However, it is also possible that the hypothetical steep region could be due to some form of lithologic control. Evidence for lithologic control includes narrowing in the tidally influenced channel below point EFR that Dalrymple et al. [2003] attribute to bedrock as well as the fact that a knick zone propagating upstream through relatively unconsolidated sediments in the lower Fly would not allow for significant degradation in the upstream middle Fly or Strickland reaches. In the case of a lithologic control, the valleys of the middle Fly and Strickland would presumably have incised to the level set by this control soon after sea level started falling at the end of the last interglacial high stand. If the control was not lithologic, some other mechanism must have been responsible for the relatively low position of the late Pleistocene middle Fly and Strickland valley surfaces. One such mechanism might be a subsidence rate of order 10 cm ka À1 operating over the lowland basin during entire last sea level cycle. Such a rate has not been documented for the study region but is consistent with rates of 2 cm ka À1 suggested by Harris [1994] for the presumably more tectonically stable Torres Strait south of the Fly delta and with other relatively low last interglacial high-stand surfaces observed around much of northern Australia [Bryant et al., 1988] . However, regional subsidence seems rather unlikely given the presence of low terraces probably composed of Pleistocene sediments immediately adjacent to a number of meander bends along the lower middle Fly, as described by [Dietrich et al., 1999] . In any case, for the purposes of the present analysis, it is sufficient that the upstream end of the hypothetical steep zone would have been somewhat lower in elevation than the present valley and that the river valleys upstream of this location were adjusted to this downstream control.
[62] A steep zone somewhere between Everill Junction and the shelf resolves several problems regarding the lowstand profile. First, it allows for the possibility that away from the steep zone, the channel could have maintained a fluvial slope and sinuosity much like those observed along the modern lower Fly. Second, it allows for the observed relatively minimal degradation (i.e., $10 m) along the middle Fly and Strickland rivers, consistent with the available evidence [Dietrich et al., 1999] . As shown below, this becomes especially important along the middle Fly, where the sediment supply would probably not have been sufficient to fill a deeply incised valley. Finally, a simple straight line slope between Everill Junction and the shelf edge does not leave much accommodation space for the sediment supplied to the valley of the lower Fly. Without such space, the modern delta (or more precisely, the downstream end of the fluvial reach, EFR in Figure 1 ) would probably be located significantly seaward of its present location. This would in turn lead to a valley elevation at Everill Junction that is significantly too high, as shown below.
Model Runs
[63] Because the initial conditions are poorly constrained, three hypothetical configurations, corresponding with three separate model runs, are considered here (Figure 9 ). The first two runs consider the two simple initial condition geometries associated with a constant slope along the lower Fly discussed above and are relatively poorly supported by the available evidence. They differ only in the vertical positions of the middle Fly and Strickland valleys and in the valley slope and sinuosity along the lower Fly. The third run considers the possibility of a steep zone located where the alluvial floodplain narrows on the lower Fly River.
[64] In run 1 the low-stand valleys of the middle Fly and Strickland are hypothesized to have been only 10 m below their present level at Everill Junction, with the approximate modern (graded?) slopes observed in the Strickland and the upper 150 km of the middle Fly projected from this point upstream for each respective valley, thereby allowing for the observed presence of blocked valley lakes all the way upstream to the intersection with the sloping gravel platform. In this scenario, the low-stand lower Fly is hypothesized to have been connected to the shelf slope break by a channel that maintained grade with a very high sinuosity (3.8). In run 2 the valleys are hypothesized to have been 40 m below their present level at Everill Junction. Once again, the approximate modern slopes are project from this point upstream, and the low-stand lower Fly is once again hypothesized to have been connected to the sea at a graded slope that in this case allows for a somewhat more plausible channel sinuosity (2.9). Run 3 assumes that the lower Fly passed through a steep zone at 50 km below Everill Junction and that the upstream system would only have felt sea level rise after the sea rose above the bankfull level at the top of the steep zone.
[65] In all runs, the slopes for the middle Fly and Strickland reaches above the confluence are inferred from the modern slope at the upstream end of each valley. (This same slope is also used to specify sediment load according to equation (18).) Because of the low slope along the entire modern middle Fly, this implies a relatively constant distance between the low-stand valley surface and the modern valleys. Such a configuration appears reasonable given the relatively even distribution of blocked valley lakes throughout the modern middle Fly and Strickland (Figure 2) . If any other assumption were made regarding initial slope, the Figure 2 . Model assumption refers to B v used in runs 1 and 2 for the lower Fly River. For run 3, a constant width of 11 km was used since the downstream end of the run was fixed at 50 km below Everill Junction.
initial condition profiles for the middle Fly and Strickland reaches would not be adjusted to their respective sediment supplies, potentially resulting in very rapid initial adjustment that would be entirely an artifact of error in the initial and boundary conditions. Starting with load and slope in balance ensures that the evolution predicted by the model is entirely due to downstream sea level rise, consistent with the hypothesis being tested in this study, and is all that can reasonably be done without detailed knowledge of both slope and load along both reaches at LGM.
[66] Input parameters for all runs are as described in previous sections and are summarized in Tables 1 and 2 . The runs are all identical save for the initial conditions, the sinuosity on the lower Fly, and (in the case of run 3) the position of the downstream boundary which is fixed at the hypothetical location of the steep zone.
Results
[67] The predicted bed profiles at time intervals of 2.0 ka for runs 1 and 2 are given in Figures 10 and 11 , respectively. Both runs 1 and 2 result in significant aggradation along the lower Fly/Strickland axis. In both cases, the predicted present-day elevation of the junction is significantly higher than observed. In neither case is the sediment supplied by the middle Fly sufficient to fill its valley anywhere except in a short zone at the upstream end of the reach.
[68] The result of run 3 is shown in Figure 12 . As in runs 1 and 2, there is some aggradation along the middle Fly starting at the upstream end of the reach. The aggradation has not reached the junction by the time the run ends at the present time and is in fact located 30 -40 valley km upstream from Manda, near the upstream end of the reach assumed by previous researchers to be influenced by backwater. The final water surface profile, which can be taken to be loosely equivalent to the floodplain profile, is fairly close to the present-day floodplain surveyed in the field.
[69] None of the runs shows the Strickland or lower Fly reaches deviating significantly from their graded slopes. All show the middle Fly being strongly affected by backwater. In all cases, the bed elevation near the upstream end of the middle Fly reach responds to sea level rise before the bed elevation near the downstream end.
Discussion
[70] The three model runs presented here support the hypotheses of Blake and Ollier [1971] , Pickup and Warner [1984] and Dietrich et al. [1999] that the middle Fly River has been strongly influenced by backwater driven by the aggradation on the Strickland and lower Fly rivers. In each of the present model runs, the aggradation is driven by postglacial sea level rise. The influence of sea level rise extends upstream throughout the entire sand bed system in all model runs, although the details of the response are quite different depending on the assumed initial conditions. However, in all cases, the model is able to capture one of the basic observed features of the junction: the low floodplain slope of the lower middle Fly River immediately upstream of Everill Junction.
[71] Analysis of the predictions of the three runs allows for inferences as to which one most accurately described the Holocene evolution of the river system. Run 1 requires a sinuosity along the lower Fly at low stand that is clearly unreasonably high. It results in excessive aggradation along the Strickland/lower Fly axis. This in turn acts to starve nearly the entire middle Fly of bed sediment, resulting in an unreasonably deep channel through most of this reach.
[72] Run 2, which again is somewhat unlikely given the relatively high sinuosity required to achieve the graded channel slope for the lower Fly, provides a better match with the modern profile along the Strickland and lower Fly rivers. The bed and bankfull elevations of these two channels at the junction are not far from the present-day Adjusted to achieve channel slope S given initial valley slope for runs 1 and 2, with W = 3.8 and 2.9, respectively. The observed W for the upper 50 km of the reach, 2.3, was used for run 3. observed values. This run is analogous to a model run of Parker et al. [2007b] wherein the modern profile of a single valley representing the Strickland/lower Fly portions of the Fly River system appears reasonable given an initial channel that is degraded 40 m below the present bed. However, as in run 1, the present model indicates that the sediment supplied to the middle Fly is not sufficient to fill more than the very upstream end of the reach. The lower end of the middle Fly is predicted to be unreasonably deep given such a large amount of low-stand incision. The inclusion of the middle Fly in the model thus tends to counter the hypothesis that the system's response to sea level fall prior to the LGM involved deep incision far upstream from the sea.
[73] Run 3 is characterized by a hypothetical steep zone the upstream end of which is set to coincide with the particularly narrow valley section 50 valley kilometers below Everill Junction. The top of the hypothetical steep zone is set $10 m below the present bed so as to allow for relatively shallow dissection within the valleys of the blocked valley lakes during glacial low stand. The response to sea level rise is assumed to occur only near the end of the transgression after the steep zone is drowned. This run provides the most reasonable results in comparison with the modern profile. In this run the aggradation since low-stand results in reasonably accurate predictions for bed elevation for all three reaches near the junction. The predicted bankfull water surface profile along the middle Fly is surprisingly close to the average top-of-bank elevation surveyed in the field (Figure 12 ). Both the bed and floodplain profiles are characterized by changes that begin about halfway between D'Albertis and Everill junctions. The interpretation is that a delta-like wave of bed sediment is working its way through the middle Fly but has only reached the middle part of the reach, as hypothesized by Pickup [1984] . Run 3 does not address the issue of the evolution of the profile of the lower Fly river below the hypothetical hard zone.
[74] Furthermore, run 3 is consistent with the observation of Dietrich et al. [1999] that lateral migration rates are higher on the upper middle Fly than in the lower portions of the reach. The present model points toward the possibility that a lack of bed sediment and/or the lower water surface slopes in this reach could be responsible for the suppressed rate of meander migration. However, it is worth noting that Dietrich et al. [1999] do not attribute the slow migration rates along the lower middle Fly directly to sea level rise and instead speculate that some other more recent mechanism may be responsible.
[75] Since the model does not account for the progradation of a muddy bottomset or prodelta in front of the delta proper, the delta fronts traced by runs 1 and 2 along the lower Fly are at best crude representations of the real system. A real delta would probably be smoothed considerably by tidal effects. The primary purpose of runs 1 and 2, however, is not to locate the delta but instead is to test whether it was feasible for the Fly to have had a graded lowstand longitudinal profile between the junction and the lowstand delta and still evolve into a configuration anything like the present one. The clear implication of both runs 1 and 2 is that this is not likely, whether or not the final delta position is predicted correctly.
[76] There are discrepancies between the results of run 3 and the observed present-day profile of the middle Fly River. The bed of the lower middle Fly is predicted to be significantly lower than the present bed. This could be due to the use of a single grain size in the model. In reality, it is possible that material finer than the 0.2 mm grain size used in the model run could have been transported into this reach. The strong observed fining on the middle Fly indicates that this may have been the case. It is also possible that the fraction mud stored in the floodplain is higher in the lower middle Fly than our single estimate of F s = 0.68 would indicate. Our estimate is based on the assumption that migration rates remained constant during the period of aggradation. This was clearly not the case on the lower middle Fly. If the channel remained essentially in its present planform configuration once affected by backwater, this would significantly reduce the area over which bed material would be deposited and should increase the aggradation rate given a finite supply of bed material, allowing the valley to fill significantly more rapidly than predicted here.
[77] Several other potentially important processes have not been included in the model. Perhaps the most obvious is the possibility that flood frequency (and thus both I f and Q bf ) may have changed on the lower middle Fly as a result of the imposed backwater. However, an increase in intermittency along the middle Fly driven entirely by backwater (i.e., not due to climate change) would probably be associated with a decrease in flood discharge as individual floods become longer and less intense as they are attenuated by the more flood prone floodplain. Consequently, this effect may not be as important as it at first appears. Other processes not specifically accounted for are related to the use of a single downstream boundary for the backwater equation on each tributary. This simplification disregards two potentially interesting cases. The first is where one tributary is in flood, causing backwater and thus sediment deposition for an abnormally long distance up the other tributary. The second is where one tributary experiences excessively low discharge, potentially resulting in excessively steep water surface slopes and sediment transport rates along the other tributary. While these cases may play an important role in short-term channel dynamics and could possibly even influence vegetation patterns on the floodplain, they probably do not control the large-scale evolution of the valley profiles.
[78] It is useful to note that the present-day backwater zone on the middle Fly River could be explained by several other phenomena in addition to Holocene sea level rise. The first of these is uplift below Everill Junction. Such uplift could be associated with movement of the fore bulge that probably defines the position of the Oriomo plateau. For movement of the fore bulge to effect the Fly River profile, the basement beneath the bed of the lower Fly would need to be hard enough not to erode significantly during low stand, and so at the most basic level, this hypothesis is consistent with the steep zone in the lower Fly profile at glacial low stand implied by the seismic data collected at Lewada and by Harris et al. [1996] . The primary difference between this hypothesis and that of run 3 is that if uplift itself caused the apparent aggradation along the middle Fly and Strickland, the rate at which the aggradation occurred would have been controlled entirely by the relative uplift rate rather than by the sea level rise rate. Uplift rates associated with the Oriomo plateau are poorly constrained to date. However, we are not aware of any evidence that local uplift has approached the postglacial sea level rise rates that run 3 indicates are sufficient to induce the observed backwater on the middle Fly. On the contrary, the most recent evidence is that any rearrangement of the Fly River drainage associated with fore bulge uplift is much older than 35 to 40 ka [De Bruyn et al., 2004] , implying that the uplift itself may have occurred over a period longer than a single glacial cycle.
[79] A second possibility is that the backwater along the lower middle Fly is younger than implied by run 3 and formed sometime during the present sea level high stand. The relatively well-preserved floodplain scroll bar topography along the lower middle Fly implies a relatively recent cessation of lateral migration activity [Dietrich et al., 1999] . If associated with a reduction in bed sediment supply, a recent end to lateral migration could imply a recent formation of the backwater zone. Mechanisms for the formation of a young backwater zone could include tectonism, changes in upstream sediment or water supply (discussed below) or progradation of the lower Fly delta (an effect not included in run 3 due to the fixed downstream boundary).
The hypothesis associated with run 3, i.e., the formation of a backwater along the middle Fly near the end of the postglacial sea level rise, would imply that bed material is slowly being resupplied to the reach from upstream to down in consonance with the wave of bed aggradation shown in Figure 12 . This would seem to imply that migration rates should have increased from upstream to downstream over the past several thousand years. In contrast, a backwater caused by delta progradation or continuous differential uplift somewhere along the lower Fly might have led to the upstream movement of the backwater zone over the same time period. Additional field data are clearly needed to further constrain the age and Holocene history of the backwater zone.
[80] Finally, changes in upstream water or sediment supply on the Strickland River could also lead to aggradation at Everill Junction and thus to the formation of a backwater on the middle Fly River. The southern Pacific Ocean and Papua New Guinea in particular are characterized by climates at LGM that are more similar to presentday climates than almost anywhere else in the world [Farrera et al., 1999] , implying that climate is probably not responsible. However, a stream capture event in the upper watershed could cause this kind of forcing. Such forcing would likely lead to steepening of the Strickland profile with consequent deepening in Holocene valley fill from downstream to upstream. Fewer blocked valley lakes are present along the Strickland than along the middle Fly, so the position of the low-stand surface is not inferred as easily there as it is along the middle Fly. However, the blocked valley lakes that are present, in particular Lake Murray, tend to occur along the downstream portions of the reach. This implies a downstream base level control rather than an upstream forcing associated with a change in sediment or water load.
[81] In the case of either uplift of the fore bulge or upstream climate or stream capture driven control, it is unlikely that the timing of the inception of aggradation along the middle Fly would coincide precisely with sea level rise. All of the runs considered in this analysis, however, predict that the blocked valley lakes would have formed relatively recently, on the order of 7000 -10,000 years ago. This prediction is confirmed by the limited available dating of floodplain deposits. Dietrich et al. [1998] and Chappell and Dietrich [2003] report results of drilling in back swamps, levees, floodplains and oxbows along the middle Fly. They conclude that much of the deposition coincided with sea level rise. Coring in back swamps shows early rapid sedimentation, but for the past $7000 years deposition rates have been very low (0.03 to 0.2 mm a À1 ).
[82] The initial profile configuration proposed in run 3, i.e., that of a steep zone along the lower Fly at glacial low stand, could have developed in several ways, for instance either by the presence of a hard lithologic control or by knickpoint propagation upstream after base level lowering. Since the present work focuses on the 20 ka since LGM, the results do not indicate which mechanism might be correct. However, the mechanism of steep zone formation would clearly influence the kind of evidence for the steep zone likely to be found in the field. The most obvious evidence would be bedrock or some other erosion resistant material located $10 m below the present channel bed somewhere along the lower Fly. A promising location for field sampling is where the floodplain narrows at about 50 valley km downstream from Everill Junction. However, if the steep zone is simply a transient condition associated with sea level fall, it is possible that lithology would not vary along the lower Fly. In this case, field tests of the steep zone hypothesis would probably require drilling at various locations along the lower Fly in order to identify the low-stand profile.
[83] In any case, the existing model is easily adapted to consider uplift (G. Parker, 1D sediment transport morphodynamics with applications to rivers and turbidity currents, 2004, available at http://www.cee.uiuc.edu/people/parkerg/ morphodynamics_e-book.htm) and/or changed upstream sediment supply. It is also possible to incorporate downstream fining and thereby determine the effect this may have on the modern curvature of the middle Fly profile [e.g., Wright and Parker, 2005] . On the basis of the available evidence, however, the most parsimonious explanation for the backwater zone on the middle Fly River is sea level rise, and run 3 appears to provide the most likely scenario describing how the backwater zone on the middle Fly evolved, with the caveat that it does not directly explain the apparent relatively recent cessation of lateral migration activity along the lower middle Fly.
Conclusions
[84] The present paper presents a numerical model describing the evolution of a system of aggrading fluvial valleys. The system consists of two upstream reaches that join to form a third reach downstream. The model is applied to the Fly/Strickland River system in Papua New Guinea, where the larger of the two upstream reaches is the Strickland River, the smaller of the two is the middle Fly River and the two join at Everill Junction to form the lower Fly River.
[85] The model is capable of reproducing some of the more important features of the system. It supports the hypothesis that the middle Fly River has been morphodynamically subsidiary to the lower Fly/Strickland reaches during Holocene sea level rise. More specifically, the model suggests that the smaller sediment supply to the middle Fly River as compared to the Strickland River has prevented it from keeping pace with aggradation of the Strickland River. The model suggests that the signature of this phenomenon is a long backwater zone along the middle Fly River where the river is relatively deep. The length of this zone as predicted by run 3 of the model roughly corresponds to the reach of the lower middle Fly River where the floodplain is dominated by swamp grass, as described by Dietrich et al. [1999] .
[86] The present work considerably refines the earlier models of Parker et al. [2007b] and of Lauer and Parker [2005] by incorporating more detailed submodels for floodplain geometry and valley fill composition. The present work also provides new and better justified initial and boundary conditions. In addition, the present work uses a simpler sea level rise curve than that employed by Lauer and Parker [2005] . This is because the primary emphasis of the present paper, i.e., the formation the low-gradient reach of the lower middle Fly River, is well upstream of the shoreline, and thus is less sensitive to the details of the sea level rise curve than shoreline position itself.
[87] The modeling results imply that at glacial low stand, the lower Fly River was likely not at grade between Everill Junction and the low-stand delta. Instead, the results suggest that there was a steep zone somewhere between the junction and the delta. The steep zone could have been associated with local lithology or with transient effects resulting from relatively rapid sea level fall as the most recent low stand was approached. If present, the steep zone would probably have insulated the middle Fly and Strickland reaches from responding to sea level rise until the steep zone was drowned late in the postglacial transgression. Response would have been relatively rapid even near the upstream ends of the sand bed portion of the system as soon as sea level drowned the steep zone, however. The modeling points to the clear need for more field data along the lower Fly River in order to define the low-stand profile.
